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Abstract 
Primary Objective: To investigate sustained structural changes in the long-term (>1 year) 
after mild traumatic brain injury (mTBI), and their relationship to ongoing post-concussion 
syndrome (PCS).  
Research Design: Morphological and structural connectivity magnetic resonance imaging 
(MRI) data were acquired from 16 participants with mTBI and 9 participants without 
previous head injury.   
Main Outcomes and Results: Participants with mTBI had less prefrontal grey matter and 
lower fractional anisotropy (FA) in the anterior corona radiata and internal capsule. 
Furthermore, PCS severity was associated with less parietal lobe grey matter and lower FA in 
the corpus callosum.  
Conclusions: There is evidence for both white and grey matter damage in participants with 
mTBI over a year after injury. Furthermore, these structural changes are greater in those with 
report more PCS symptoms, suggesting a neurophysiological basis for these persistent 
symptoms. 
 
Keywords: Magnetic Resonance Imaging, Diffusion Tensor Imaging, Cortical Thickness, 
mild Traumatic Brain Injury, persistent Post-Concussion Syndrome 
  
Structural changes after mTBI, relation with PCS   3 
 
 
 
Long-term structural changes after mTBI, and their relation to post-concussion 
symptoms  
Introduction 
The majority (70-90%) of traumatic brain injury (TBI) hospital admissions are classified as 
mild traumatic brain injury (mTBI) [1, 2]. However, only an estimated 10-25% of individuals 
visiting the emergency department suffering from mTBI are admitted to hospital [3, 4] and 
some do not seek or receive medical attention [5, 6]. This suggests that incidence of mTBI is 
much more widespread than the conventional hospital admission figures. In addition, around 
5-10% of individuals who suffer an mTBI go on to have persistent somatic, affective and 
cognitive symptoms, known as post-concussion syndrome (PCS, [7-10]), which can last a 
year or more post-injury [11-14].  
There is often no visible brain damage after an mTBI when using standard neuroimaging 
techniques [15-19], leading some to suggest a purely psychogenic origin for persistent PCS 
[20-23]. However, novel structural imaging acquisition and analysis techniques, such as brain 
morphometry (e.g. voxel-based morphometry, VBM [24-26]; cortical thickness and volume 
[27, 28]) and structural connectivity (e.g. diffusion tensor imaging, DTI [26, 29-37]), have 
shown promise in detecting subtle small-scale damage [18, 38, 39]. Previous studies have 
reported reduced grey matter in multiple brain regions such as frontal and temporal cortices 
[24-28], as well as increased mean diffusivity (MD) and reduced fractional anisotropy (FA) 
in a variety of areas such as the corpus callosum, internal capsule, anterior corona radiata and 
superior longitudinal fasciculus [26, 30-36]. A smaller number of studies have recorded axial 
diffusivity (AD) and radial diffusivity (RD), which may provide more detail about axonal and 
myelin damage respectively [18], and they report reduced AD and RD in similar areas to the 
FA and MD changes [30, 31, 33, 34]. There is also evidence of an association between 
greater microstructural damage after brain injury and greater symptom report [26, 34, 37], 
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worse cognitive performance [35, 40] and worse outcome [41]. A few studies have 
investigated the chronic stage after mTBI, and report ongoing structural differences [24, 30, 
34, 41]. However, whilst previous studies have investigated the association of structure with 
PCS symptom report, only one of these has looked at this association in the chronic stage 
[34]. This study examined differences in DTI indices at the subacute (< 1 month) and late (6 
months) phase post-injury in participants recruited from an emergency department with and 
without PCS after mTBI. Only one previous study investigated structural changes in the long 
term (> 1 year) after injury, but did not record PCS symptoms [30]. 
In addition, previous studies rarely combine morphological and structural connectivity data 
in the same sample. Whilst structural connectivity, as measured with DTI, has been 
investigated fairly extensively in participants after mTBI, the vast majority of morphological 
and volumetric studies have investigated samples with a range of TBI severity, with only a 
couple specifically examining mTBI [24, 42]. Yet, morphological and structural connectivity 
analyses yield complimentary data, with the former usually evaluating changes in grey matter 
density and thickness and the latter giving a measure of white matter integrity. A 
combinatory, multimodal approach to investigating structural damage after mTBI may allow 
a more sensitive detection of subtle deficits, and allow a more individualised profile of 
damage suited to the heterogeneity of brain injury mechanism in mTBI [18, 38, 39, 43, 44].  
This study therefore investigated structural changes in the long term (> 1 year post-injury) 
after mTBI, and the association between these alterations and PCS symptom report 
employing both morphological and structural connectivity measures in the same sample. It 
was hypothesised that participants with mTBI would have altered MRI indices, indicating 
structural damage, and that this damage would be greater in those with greater PCS symptom 
report. Furthermore, as DTI is a more sensitive measure of microstructural damage [18] than 
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cortical thickness or VBM, it would be more likely to find the subtle changes expected after 
such a mild TBI.  
 
Method 
Participants 
Twenty five participants were included in this study, divided into two groups: 16 
participants who suffered an mTBI and 9 participants with no history of brain injury 
(Control). Post-Concussion symptoms were measured in all participants using the Rivermead 
Post-Concussion Questionnaire (RPQ) and Rivermead Post-Concussion Questionnaire for 
Controls (RPQ-C; [13]). The RPQ/RPQ-C scores were used in the subsequent analyses. 
Group demographics and RPQ scores are shown in table 1.  
---Insert table 1 about here--- 
Recruitment for both participants with mTBI and controls was from a database created by a 
previous study [45], which was also used in previous cognitive [46] and MRS [47] studies. In 
brief, this database was created from an online survey designed to access those in the local 
community who had suffered an mTBI but had not reported to hospital (this could be approx. 
75-90% of those with mTBI [3, 4]). mTBI diagnosis was according to ICD-10 criteria [10]. 
Inclusion criteria were that injury occurred at least one year previously. Exclusion criteria 
were report of litigation, major invasive head injury, chronic pain, or other neurological 
conditions and visible lesions using standard structural MRI. In addition, measures of 
depression and anxiety (Hospital Anxiety and Depression Scale, HADS [48]), post-traumatic 
stress disorder (Impact of Event Scale-Revised: IES-R [49]), and sleep quality (Pittsburgh 
Sleep Quality Index, PSQI [50]) were acquired, and participants excluded if they met the 
criteria for clinical symptomatology. The study protocol was given a favourable opinion by 
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the University of Surrey Ethics Committee, and informed consent was obtained from every 
participant. 
MRI acquisition 
T1-weighted and Diffusion-Weighted images (DWI) were acquired using a 3T Siemens 
Trio Scanner (Siemens, Munich, Germany). High-resolution 3D brain MRI images were 
obtained using a T1-weighted Magnetization Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) pulse sequence (TR = 1830 ms; TE = 4.43 ms; Inversion Time = 1100 ms; flip 
angle = 11º; FOV = 256 mm; 176 slices; voxel size = 1x1x1 mm3; in-plane matrix = 
256x256). DWI data was acquired using a single-shot diffusion-weighted echo-planar 
imaging sequence, with diffusion gradients applied along 12 directions (b0 = 0 [1 image], b1 
= 1000 smm-2 [12 images]; TR = 8900 ms, TE = 100 ms, number of averages = 4, 55 slices, 
voxel size = 2.5x2.5x2.5 mm3, in-plane matrix = 88x128, bandwidth = 2056 Hz, FOV = 
320x220).   
Demographic data analysis 
A series of independent t-tests were performed for continuous variables. Differences in 
gender between groups were investigated using a chi-square test. 
Structural MRI Analysis 
Three methods were used to investigate structural changes after mTBI, using T1-weighted 
images (cortical thickness, voxel-based morphometry) and diffusion weighted images 
(diffusion tensor imaging).  
Cortical thickness analysis 
Cortical thickness was calculated using the FreeSurfer (v. 5.0.0) software package [51, 52]. 
Pre-processing of the T1-weighted images involved non-uniform intensity correction, affine 
registration using the Talairach transform to map the images into the Montreal Neurological 
Institute (MNI) space, intensity normalisation and removal of non-brain tissue. Subsequently, 
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grey/white matter and grey matter/CSF boundaries of the cortex were tracked, tessellated and 
smoothed to produce a surface mesh. Topology correction and surface deformation were then 
applied. Cortical thickness was calculated as the closest distance from the gray/white 
boundary to the gray/CSF boundary at each vertex on the tessellated surface [51]. The 
cortical surface and the subcortical structures in each participant were parcellated into units 
based on gyral and sulcal landmarks [53].  
After pre-processing, cortical geometry was matched across participants by registration of 
the surface coordinate system from individual cortical folding patterns to a standard spherical 
atlas [51]. Whole-brain cortical thickness analysis was then performed on each vertex using 
the general linear model (GLM) embedded in the QDEC (Query, Design, Estimate, Contrast) 
interface, producing cortical thickness maps illustrating any group differences. Age of 
participant was included as a covariate to control for the effect of age on brain structure. 
Cortical thickness in participants who had suffered an mTBI was compared to controls. In 
addition, correlations between PCS (using RPQ score) and cortical thickness were calculated 
across participants with mTBI (n=16). Correlation analysis with control participants only 
yielded no significant results. The results were multiple comparison corrected using False 
Discovery Rate (FDR) at a threshold of p < .05.  
Voxel-based morphometry analysis 
Voxel-based morphometry (VBM) analysis was performed using DARTEL [55] in SPM8 
(http://www.fil.ion.ucl.ac.uk/spm/). During pre-processing, T1-weighted images were 
segmented into grey matter, white matter, CSF, skull and other tissue, these segments were 
aligned across subjects, normalised to MNI space, and smoothed (FHWM = 10 mm) and 
Jacobian scaled.  
Second level group analysis was carried out on the grey matter images using a two-sample 
t-test to look at the effect of mTBI (mTBI vs Control), controlling for age at scan and total 
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intra-cranial volume. The interaction between PCS symptom report (as measured using RPQ) 
and proportion of grey matter was investigated across mTBI participants (n=16) using a 
regression with RPQ score and age as covariates. The resulting statistical maps were 
thresholded at p < .001, uncorrected. Regression analysis with control participants only 
yielded no significant results. 
Diffusion tensor imaging analysis 
DWI images were motion corrected, realigned to the mean image and normalised to MNI 
space using the diffusion toolbox in SPM8 (Diffusion II: 
http://sourceforge.net/projects/spmtools). The gradient information was updated to take into 
account the realignment and normalisation steps. Diffusion tensor eigenvalues and 
eigenvectors were calculated to generate the fractional anisotropy (FA) maps for each 
participant. The FA maps were masked using a whole-brain mask within SPM8 to ensure 
only brain areas were included in further analysis, and smoothed with a Gaussian kernel of 
FHWM = 8mm.  
Second level group analysis was carried out using a two-sample t-test within SPM8 to look 
at the effect of mTBI (mTBI vs Control), controlling for age at scan. The interaction between 
PCS symptom report (as measured using RPQ) and FA was investigated across mTBI 
participants (n=16) using a regression with RPQ score and age as covariates. The resulting 
statistical maps were thresholded at p < .001, uncorrected. Regression analysis with control 
participants only yielded no significant results. 
 
Results 
Demographics 
Groups were similar with regards to gender (χ2 (1, N=25) = 0.001, p = .97), but participants 
with mTBI were significantly older (mTBI: 27.0±1.6; Control: 21.9±1.5; t(23) = -2.1, p < 
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.05) and had greater report of PCS symptoms (mTBI: 18.1±2.5; Control: 4.8±0.9; t(19) = -
5.0, p < .001).  
Cortical thickness 
No significant cortical thickness alterations were seen between participants with mTBI and 
control, and no association was observed between PCS symptom report and cortical thickness 
in participants with mTBI.  
Voxel-based morphometry 
There were modest grey matter differences observed in the voxel based morphometry 
(VBM) analysis (see figure 1).  
Participants with mTBI had a lower proportion of grey matter in small areas within bilateral 
prefrontal areas (left frontal (cluster size: 143 voxels) and right mid frontal (cluster size: 29 
vx) gyri) compared to controls. Greater PCS symptom report across all participants with 
mTBI was associated with a lower proportion of grey matter in bilateral medial temporal lobe 
(predominately left [cluster size: 241 vx], but also right [cluster size: 41 vx]) as well as left 
inferior parietal lobe (cluster size: 283 vx) and right precuneus (cluster size: 519 vx).  
Diffusion tensor imaging 
More substantial white matter differences were observed with diffusion tensor imaging 
(DTI) analysis (see figure 1). Participants with mTBI revealed reduced fractional anisotropy 
(FA) in right hemisphere anterior corona radiata and anterior limb internal capsule (combined 
cluster size: 131 vx) compared to controls (figure 1). Furthermore, greater PCS symptom 
report correlated with lower FA in the splenium of the corpus callosum (cluster size: 110 vx), 
the fornix (cluster size: 14 vx) and bilateral frontal medial superior gyrus (cluster size: 206 
vx) across all participants with mTBI.  
---Insert figure 1 about here--- 
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Discussion 
Principal Findings 
This is the first study to examine indices of sustained structural changes in the long term (> 
1 year) after mTBI, and their association with PCS. Importantly, the study also combined 
different markers of structural integrity, including both morphological (cortical thickness and 
VBM) and structural connectivity (DTI) analysis in the same sample. As hypothesised, 
reduced grey and white matter integrity was observed in participants with mTBI compared to 
controls, and in individuals who reported greater PCS symptoms. In addition, more 
substantial differences were detected with the structural connectivity (DTI) analysis, which 
focused on white matter alterations. These results and conclusions will be discussed in detail 
below. 
 
Grey matter damage 
Reduced prefrontal grey matter concentration has been observed in the acute and chronic 
stage after mTBI in previous studies [25-28], and the current data presents further evidence of 
subtle damage to left frontal and right mid frontal gyrus in the long term after injury. An 
association was also revealed between PCS symptom report and reduced grey matter in the 
precuneus, medial temporal and inferior parietal lobe. Whilst changes in the temporal and 
parietal regions (in particular the hippocampus) have been reported by a previous study [27], 
the study did not test for association with symptom report or behaviour. In fact, only one 
previous study investigated the association between grey matter concentration and PCS 
symptom report [26], and found no difference between those with and without PCS. As such, 
these findings build upon previous research by demonstrating similar grey matter alterations 
in the long term after injury, and also report a novel finding of an association between grey 
matter damage and symptom report. Furthermore, the alteration in the precuneus is 
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interesting as it is involved in the default mode network (DMN) which has been shown to be 
altered in connectivity or activation after mTBI [56, 57]. Therefore structural differences may 
underlie the observed functional changes.  
 
White matter damage 
This study found that participants with mTBI exhibited white matter damage in the long 
term after injury, with reduced FA in white matter tracts in the right frontal lobe (right 
anterior corona radiata and anterior limb of the internal capsule). Previous DTI studies have 
also reported altered white matter in these areas at earlier time points after mTBI, with 
reduced FA and increased MD and AD in anterior corona radiata [30, 33, 35] and internal 
capsule [29, 30, 32, 33] and reduced FA in the fornix [58].  This study extends these findings 
to illustrate that these structural alterations are observable a considerable time (>1 year) after 
injury. 
White matter damage is also commonly reported in the corpus callosum, with reduced FA 
and increased MD and RD [26-28, 32, 34-37, 58].   Furthermore, greater PCS symptoms have 
been shown to be associated with reduced FA [37] and increased MD and AD [34] in the 
corpus callosum. In line with this, this study reported that reduced FA in the splenium of the 
corpus callosum and fornix was associated with higher PCS symptom report across 
participants with mTBI, even in the long term after injury. There was also an association 
between PCS symptom report and damage in white matter areas underlying the frontal cortex 
(lower FA in frontal medial superior gyrus).  Previous studies have observed alteration in 
these areas after mTBI [26, 59], but have also reported an association between alterations in 
frontal subcortical white matter and PCS symptom report [37].  
Taken together, these findings extend the previous research by revealing participants with 
mTBI exhibit altered white matter in the long term after injury, and that these alterations are 
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associated with PCS symptom report. It has been suggested that the microstructural changes 
observed in the white matter are a likely neuropathological substrate of PCS [37], and the 
current data support this statement.  
 
Converging evidence  
Overall, the structural imaging data reveal that a number of white matter areas may be 
compromised even a year or more after injury, with grey matter areas affected to a lesser 
degree. In fact, some of the grey matter areas (right prefrontal) may be related to underlying 
white matter damage (right anterior corona radiata and internal capsule). PCS was associated 
with indicators of damage to both grey and white matter, suggesting that this changes may 
underlie at least some of the symptoms reported. These data were acquired in participants 
who were not recruited from hospitals, and so may represent the milder end of the spectrum 
of mTBI, and yet still presented with observable structural changes in the long-term after 
injury. As younger age groups are more likely to have these persistent symptoms [60], this is 
a potentially long-lasting impairment in the early stages of life. If there are long-term 
structural alterations after mTBI, and they are related to persistent symptoms, this will have 
clinical implications, with longer-term follow-up and care required. Relating the persistent 
symptoms to an underlying structural change may enable more specifically tailored 
therapeutic intervention. Furthermore, this study suggests that structural alterations are more 
likely to be found using structural connectivity measures such as DTI, thus enabling better 
diagnosis and follow-up.  
In both the VBM and DTI analyses the areas associated with PCS symptom report were 
distinct from those that differed between participants with mTBI and non-head injured 
controls. This suggests that the heterogeneity of injury after mTBI may be masking 
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underlying structural changes, and using behavioural data or PCS symptoms as covariates 
may be one way to control for the heterogeneity.   
Recent review articles have advocated another approach, forgoing group-level analysis for a 
more individualised method [18, 39]. The group-level analysis assumes that heterogenous 
injuries results in damage to homogenous areas of the brain. More sensitive measures of fine 
scale damage can be achieved detecting clusters of altered FA for each individual compared 
to a control cohort, and then for instance counting the number of clusters as a measure of 
lesion load [61-63]. A more individualised analysis approach such as this would only be 
possible in future studies with a larger cohort.  
 
Comparison of methodologies 
As hypothesised, more substantial structural differences were detected with the structural 
connectivity (DTI) analysis, compared to morphological and volumetric analysis. Indeed, one 
of the morphological analysis techniques (cortical thickness) yielded no significant results. It 
would therefore seem that DTI is the most sensitive method for detection of alteration after 
mTBI [18]. DTI can record microstructural changes in tissue integrity, unlike conventional 
MRI [18], and some believe it may enable individual level diagnosis of mTBI [39]. 
Furthermore, there is some convergence and consistency in the DTI measures acquired across 
different studies after mTBI [18, 39, 44], whereas volumetric analysis has a more complex 
association with outcome, and varies with age and the nature, severity, location and 
mechanism of injury [39].  
However, these methods also measure different aspects of brain structure which may be 
altered to a different extent by mild TBI. Axonal fibre stretching and tearing, causing diffuse 
axonal injury (DAI), is thought to be a primary mechanism of injury in mild TBI, with grey 
matter atrophy secondary to this, and more likely in more severe TBI. Grey matter damage 
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caused by brain-bone impact may be less common in mild TBI, and would certainly be more 
variable in its location than the forces that stretch and tear white matter tracts. If this is the 
case, larger-scale and more consistent white matter damage after mTBI, with comparatively 
less grey matter atrophy, is not unexpected. In a diagnostic setting this dissociation is not as 
important, and structural connectivity measures will be more likely to distinguish between 
injury groups no matter what the underlying cause. However, in a research and treatment 
setting, a complete picture of the damage is only possible using a multi-modal approach [18]. 
The mechanism and severity of injury may influence whether there are greater grey matter 
alterations or white matter changes, and the techniques to examine these aspects are 
complimentary.  
The data presented here are from a relatively small sample of participants, in a cross-
sectional design. This leads to certain caveats when interpreting the data. Firstly, a small 
sample size could lead to low statistical power, and this study could be interpreted as 
revealing that cortical thickness and VBM are more affected by low statistical power. If this 
were the case, it would also suggest that DTI is more suited to an individualised analysis such 
as a clinical setting. Replication of this study in a larger sample size could help corroborate 
the findings of structural alterations in the long-term after injury and would also allow a more 
comprehensive examination of the various imaging methods. However, the areas affected in 
this study are similar to those seen in previous studies for both grey and white matter injuries 
after injury. In particular the corpus callosum and the medial temporal lobes are thought to be 
especially vulnerable areas after mTBI [64]. These results are in accordance with the previous 
literature and are therefore valid and of interest to the wider brain injury community.  
Secondly, the nature of our sample, which looked at individuals who suffered an mTBI but 
received no hospital attention at time of injury, necessitated a cross-sectional design for the 
study. There could be no initial pre-injury assessment and no immediate follow-up after 
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injury and during recovery, as the injury was never reported to hospital. The reason for 
sampling this population was that it is estimated that the majority of individuals do not report 
to hospital after injury [3, 4, 5, 6], and these individuals would likely represent the milder end 
of the mTBI spectrum. In addition, they represent an under-researched population within 
mTBI. However, using a cross-sectional approach as opposed to a longitudinal approach 
(recommended for a clearer picture of damage after injury [65]) means that it is difficult to 
infer a definitive causal link between the initial injury and the symptoms and structural 
alterations observed. Other co-morbidites such as age, depression or substance abuse could be 
linked to the structural alterations observed. In this study these co-variables were recorded 
and screened appropriately in order to reduce their effect on the data, and clarify 
interpretation.  
 
 
Conclusion 
This study reports that participants with mTBI exhibit structural alterations even a year or 
more after injury, and even in a sample who did not report to hospital with the injury. 
Furthermore, these alterations are associated with ongoing PCS, suggesting a 
neurophysiological basis for these persistent symptoms. Structural connectivity measures 
seem to be more sensitive to damage after mTBI, although this could also be due to the type 
of injury sustained in such mild TBI. Future analyses would benefit from multi-modal 
neuroimaging data, and a more individually tailored analysis.  
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Table 1. Participant information. 
RPQ: Rivermead Post-Concussion Questionnaire sum score.  
Group Age Gender RPQ  Cause Of Injury 
mTBI 24 F 35 Motor vehicle accident 
 
19 M 31 Sport concussion 
 
26 F 29 Accidental fall 
 
23 F 25 Motor vehicle accident 
 
21 F 23 Hit head upon object 
 
37 F 23 Accidental fall 
 
36 F 21 Hit head upon object 
 
19 M 15 Accidental fall 
mTBI 23 F 18 Hit head upon object 
 
29 M 17 Accidental fall 
 
25 F 16 Hit head upon object 
 
26 F 16 Hit head upon object 
 
22 M 12 Sport concussion 
 
33 M 6 Sport concussion 
 
29 M 2 Accidental fall 
 
39 M 0 Hit head upon object 
Control 23 F 8  
 
25 F 8  
 
18 M 7  
 
19 M 6  
 
20 F 5  
 
18 F 3  
 
20 M 3  
 
22 M 3  
 
32 F 0  
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Fig. 1 Illustration differences in VBM and DTI indices between groups (mTBI/Control) and correlation with 
PCS symptom report (using RPQ sum score). PCS correlation is within participants with mTBI only. Row 1: 
Voxel-based morphometry (VBM), row 2: DTI: fractional anisotropy (FA), with scatter plot for the interaction 
between PCS symptom report and FA in the splenium of the corpus callosum. Location of brain section is 
reported underneath each illustration. Threshold shown: p<0.001, uncorrected.  
 
 
  
 
 
 
 
 
 
